Abstract-The scattering effects are studied in nanometerscaled double-gate MOSFET using Monte Carlo simulation. The nonequilibrium transport in the channel is analyzed with the help of the spectroscopy of the number of scatterings experienced by electrons. We show that the number of ballistic electrons at the drain-end, even in terms of flux, is not the only relevant characteristic of ballistic transport. Then, the drive current in the 15-nm-long channel transistor generations should be very close to the value obtained in the ballistic limit even if all electrons are not ballistic. Additionally, most back-scattering events, which deteriorate the on current, take place in the first half of the channel and, in particular, in the first low field region. However, the contribution of the second half of the channel cannot be considered as negligible in any studied case i.e., for a channel length below 25 nm. Furthermore, the contribution of the second half of the channel tends to be more important as the channel length is reduced. So, in ultrashort-channel transistors, it becomes very difficult to extract a region of the channel, which itself determine the drive current on .
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I. INTRODUCTION
D
OUBLE-GATE MOSFET architecture (DGMOS) is a potential solution to overcome short channel effects (SCE) in the 65-nm International Technology Roadmap for Semiconductors (ITRS) node [1] , that is, for physical gate lengths smaller than 25 nm. In such nanotransistors where the channel length is comparable to the electron mean-free path, nonstationary [2] or even ballistic [3] transport is probably of great importance regarding the device performance. This question is, however, rather controversial from a theoretical point of view.
According to Natori prediction [4] , nonstationary transport in ultrasmall devices and statistical fluctuation of random scattering events undergone by charge carriers in the channel should lead to dramatic time fluctuations of drive current. According to Monte Carlo (MC) simulation results, small variations in the number and the position of doping atoms in the channel of a 50-nm bulk MOSFET significantly influence the transport properties and the drain current [5] . Ballistic transport in undoped channel may be the solution to limit these types of fluctuations. Lundstrom and coworkers have studied in detail the influence of ballistic transport in such devices on the drain current [6] , [7] . They developed models describing nano-DGMOS operating in the ballistic or quasi-ballistic limit. These models are based on the concept of thermionic injection from source-end into the channel. According to such approach, the electron velocity at the source-end, and, thus, the drive current, should be limited by the "source-to-channel" energy barrier and by back-scatterings in the low-field region, i.e., in the vicinity of the barrier.
Svizhenko and Anantram have also investigated the role of scatterings in nanometer-scaled DGMOS [8] . Using a Greenfunction approach, they show that scatterings at both sourceand drain-end influence significantly the drain current.
More recently, Mouis and Barraud [9] have used the MC simulator MONACO, developed in our group, to discuss the evolution of the velocity distribution along the channel of a DGMOS. Their work puts into evidence that some electrons can be reflected toward the channel after having experienced Coulomb interactions in the highly doped drain region i.e., far from the low field region.
To analyze in more details the transport in nanometer-scaled DGMOS, we study in this paper the behavior of electrons injected from the source as a function of the number of scattering events undergone in the channel. We have introduced in the device MC simulator a procedure which allows us to get accurate information on the number of scattering events experienced by each electron during its travel between the source-end and the drain-end of the channel. We can also extract at many positions in the channel the number of back-scattered electrons and the velocity distributions of electrons having undergone either 0, 1, 2, … or scattering events. We, thus, have relevant information to investigate in detail in this paper the notion of ballisticity [6] and to discuss the actual influence of both ballistic and back-scattering effects on the device characteristics and performance.
The paper is organized as follows. The simulated devices and the MC model are presented in Section II, and the results are described and discussed in Section III. First, we analyze the velocity spectra in the channel by highlighting the ballistic and quasi-ballistic phenomena, which completes the work initiated in [9] . Then, the notion of intrinsic ballisticity is defined and its influence on drive current is evaluated by tuning the scatterings intensity in the channel. Finally, we investigate the evolution of back-scattering coefficient along the channel and, by separating the channel in two parts with different scattering properties, we analyze the impact of the region where scattering events take place on the current-voltage characteristics. 
II. MODEL AND SIMULATED DEVICES
The simulated DGMOS devices, described in Fig. 1 , have an effective channel length equal to 10, 15, 25, or 50 nm and a gate length equal to 10, 25, 25, and 50 nm, respectively. However, the study is focused on 15 and 25 nm effective channel lengths. The SiO gate oxide and Si body thicknesses are equal to 1.2 and 10 nm, respectively. The doping density is cm in n S/D regions and cm in the body (p-type). The n doping level is relatively low, and may induce a significant series resistance, but it is a realistic value considering the difficulty of electrically activating dopants in such thin body. The n -p junctions are assumed to be abrupt. The work function of the gate material is 4.46 eV to achieve the theoretical threshold voltage of 0.2 V. The power supply voltage is fixed at 0.7 V to abide by the 2007 ITRS specification.
A classical particle MC algorithm is self-consistently coupled with a two-dimensional (2-D) Poisson solver. The Poisson's equation is solved at each time step equal to 0.1 fs with standard boundary conditions [10] . The number of simulated particles is typically 50 000. The scattering mechanisms included in the simulation are phonon scattering, impurity scattering and surface roughness scattering. The acoustic intravalley phonon scattering is treated as an elastic process, and the intervalley phonon transitions, consisting of three f-type and three g-type processes, are considered via either zeroth-order or first-order transition matrix in agreement with selection rules [11] . The phonon coupling constants given in [10] are used. The impurity scattering rate is derived from the screened Coulomb potential with the momentum-dependent screening length given in [12] . The surface roughness scattering is treated with an empirical combination of diffusive and specular reflections, which correctly reproduces the experimental universal mobility curve [13] , [14] . Unless otherwise indicated we have considered in this work a fraction of diffusive reflections equal to 0.14. The originality of the present work, in which quantum confinement effects are not included, lies in the spectroscopy of the number of scattering events undergone by electrons crossing the active part of the channel (or any predefined part of the device) and in the detailed study of the velocity spectra of different electron groups. This makes possible the careful analysis of scattering effects. Practically, a scattering counting region is predefined with an entrance surface and an exit surface. Typically, the entrance surface is defined either at the source/channel junction or at the position of the top of the gate-induced potential barrier, and the exit surface is placed at the channel/drain junction. Each electron entering the counting region by the entrance surface is flagged, and while it remains inside this region, the number of scattering events undergone is recorded. At the exit surface we can thus separate electrons into different groups, corresponding to ballistic electrons, once-scattered electrons, twice-scattered electrons, … -times scattered electrons, respectively. Of course, these groups can be enumerated. Additionally, for each of these groups the energy and velocity spectra are recorded. Such spectra may be also obtained at intermediate surfaces defined all along the counting region, i.e., the channel. It should be noted that these spectra only include electrons coming from the entrance surface and do not consider the electrons entering the counting region by the exit surface. The information about back-scattered electrons is obtained separately: If an electron is back-scattered after having crossed the counting region and re-entered this region by the exit surface, its scattering-story is still recorded, and the velocity spectra of such electrons are recorded too. Thus, by possibly changing the place of the exit surface, we can have very detailed information on all carriers participating in the source/drain (S/D) current. It is very useful to quantify and analyze the effects of ballistic, nearly ballistic and back-scattered electrons.
III. RESULTS
The variations of drain current as a function of S/D voltage obtained in the 15-, 25-, and 50-nm-long transistors for are shown in Fig. 2 . For the 15-nm-long channel, the current at V is 2140 m. Such a high value is related to the aggressive scaling of the gate length, to the DG architecture and to the relatively thick body film nm . The drain conductance, and more generally the SCEs, are however rather strong in the 15-nm-long channel, as a consequence of the nonoptimized body thickness. The 25-nm-long channel, better designed, is less sensitive to SCE while exhibiting -value (1600 m), which is still higher than the ITRS Roadmap specification that is 900 m. We now examine the transport in these devices biased in the "on-state," i.e., with .
A. Velocity Spectra Analysis
The conduction band profile and the corresponding velocity spectra evolution of electrons along the 15-nm-long channel have been plotted respectively in Figs. 3 and 4. Fig. 4 represents the velocity spectra evolution calculated in the first sheets of cells under the front oxide, i.e., between and nm (see Fig. 1 ). The transport is stationary in the highly doped source well, as illustrated by the quasi-Gaussian shape of the velocity distribution in the middle of this region. Other spectra are taken in the channel and, in contrast to the results shown in [9] , they only concern electrons injected by the source into the channel, excluding those which have been injected or re-injected from the drain. These spectra are very different from stationary ones. In the vicinity of the top of the barrier nm , the spectrum is quite similar to a hemi-Gaussian distribution. However, electrons with a negative velocity have not completely disappeared, which is the signature of backscattered electrons. Thus, the regime of pure thermionic injection in the channel is not completely reached in this structure. At a position nm after the source/channel junction, two separate distributions appear in the velocity spectrum. Two peaks can be distinguished, each of them corresponding to electrons with either a transverse or a longitudinal conductive effective mass along the source-to-drain direction. For greater distance , we observe the propagation of these two distributions along the channel, each one at its own velocity. The electron density decreases as the average velocity increases in accordance with the current conservation and the distributions become narrower and narrower.
At the drain-end of the 15-nm-long device, the velocity spectrum of electrons injected from the source calculated at the Si-SiO interface looks like two very well-defined peaks as shown in Fig. 5 . According to energy conservation between the barrier region and the drain-end of the channel, it is easily demonstrated that the peak velocity values in Fig. 5 correspond to ballistic electrons flowing from source to drain with a transverse ( where is the free electron mass) or a longitudinal effective mass. To complete the description of electron populations present in the channel, the spectrum of electrons injected from the drain at nm is also plotted in dotted lines in Fig. 5 . As confirmed by a velocity spectroscopy distinguishing electrons with transverse mass from those with longitudinal mass (not shown), this "drain injected" distribution is made up of the sum of two nearly Gaussian distributions. The widest corresponds to electrons with a transverse mass and the thinnest to electrons with a longitudinal mass. Even if they are the most numerous at the drain-end, their net contribution to the current at the drain-end is only 0.9%.
Besides, the number of drain-injected electrons rapidly decreases near the source. Indeed, at , 12, 4, and 1 nm, the part of drain injected electrons represents, respectively, 72.3%, 42.3%, 5.6%, and 1.7% of the electrons. At the source-end nm 6.3% of electrons which have a negative velocity have been injected from the highly-doped drain region.
Those first analyzes of velocity evolution along the channel indicate clearly that the transport is completely out of equilibrium. Furthermore, the velocity spectrum of "source-injected" electrons at the drain-end (Fig. 5) suggests that ballistic electrons have an important role in the transport for nanometerscaled DGMOS devices. In this connection, we present a new kind of analysis which allows dissecting the velocity spectra presented in Fig. 5 . In this purpose, we have defined a counting region by an entrance surface and an exit surface located at the source/channel and channel/drain junctions, respectively. This study does not consider "drain-injected" electrons. Fig. 6 represents the velocity distributions calculated at the drain-end of the 15-nm-long channel device for electrons flowing from the source by undergoing 2, 1, or 0 scattering events in the counting region. Contrary to the spectra presented above (i.e., in Figs. 4 and 5 ) and calculated at the formula Si-SiO interface, these new distributions are calculated on the full-body thickness, i.e., between and (cf. Fig. 1) . A effect is clearly observed in Fig. 6 : The ballistic peaks are wider than those presented in Fig. 5 as they result from the sum of peaks with different maxima. Indeed, as shown in Fig. 3 , the potential drop varies as a function of the channel depth, i.e., along the -axis (cf. Fig. 1 ), which makes the ballistic peak position dependent on . For instance, according to the potential drop plotted in Fig. 3 , the transverse mass peak velocity is equal to 6.5 cm/s at nm and to 7.0 cm/s at . We also verify that the distribution tails observed in Fig. 5 are caused by electrons which have undergone interactions during their channel crossing. Moreover, the shapes of the quasi-ballistic velocity spectra, i.e., the spectra obtained for electrons which have undergone one or two interactions, is similar to that of a ballistic spectrum. This suggests that devices can drive on-current very close to the limit value obtained for a ballistic channel, even if all electrons are not purely ballistic at the drain-end. Fig. 7 represents the same kind of velocity distributions for "source injected" electrons but calculated near the top of the injecting barrier, i.e., at nm from the source-end. This figure allows us to verify that only ballistic electrons are purely thermionically injected since their velocity spectrum looks like a strict hemi-Gaussian distribution. Additionally, the contribution of electrons which have undergone more than two scatterings in the channel is negligible (not shown). At V, the backscattered population is essentially formed by once-and twice-scattered electrons.
B. Influence of the Ballisticity on Drive Current
To get a more quantitative insight into ballistic and/or quasiballistic transport, we have calculated the number of scattering events experienced by each carrier crossing the counting region, i.e., the channel. The resulting electron distribution is plotted in Fig. 8 as a function of for DGMOS of different effective channel lengths: 15, 25, and 50 nm. For comparison, we have also indicated, in dotted line the similar distribution obtained at the drain-end for a conventional 50 nm bulk MOSFET with the following characteristics: a single gate, a channel length nm, an oxide thickness nm, a junction depth nm, and a highly doped channel at/cm . The latter distribution is a bell-curve with a maximum centered on , which corresponds to the ratio , where is the effective channel length, and is defined as an effective mean free path. On the contrary, in all lightly doped DGMOS, the group of ballistic electrons is the most populated, but it forms the majority only in the 15-nm-long channel. This indicates that the effective mean free path is smaller than the channel length in all simulated DGMOS. However, the fraction of electrons decreases as (the number of scatterings) increases and the distribution spreads out when increases. For the 15-nm-long channel, the curve is a pure exponential function. In both 50-nm-long channel devices (DGMOS and bulk), the interaction spectrum tends to a more stationary-like one. Now, we define the intrinsic ballisticity as the percentage of electrons, which are ballistic at the drain-end ( in Fig. 8 ) 1 . The line in Fig. 9 is an interpolated curve obtained by linking the intrinsic ballisticity for the three different DGMOS with channel effective length equal to 15, 25, and 50 nm and by assuming for . The smooth curve obtained from these three DGMOS seems particularly relevant because for nm it gives the same result as the complete MC simulation of a 10-nm-long device (closed circle). From such a semi-classical MC approach, one can thus estimate that ballistic electrons should be largely predominant (i.e., with an intrinsic ballisticity greater than 90%) only for channel lengths smaller than about 3 nm. However, quantum transport effects have to be considered for investigating values smaller than 10 nm [7] , which may modify this prediction. To determine how the intrinsic ballisticity at the drain-end is related to the on-current , we have artificially modified it from 0 as in full stationary transport to 100% as in pure ballistic transport. The quantity stands for the on-current obtained for a ballistic channel, that is without any phonon or roughness effects. Then, we study the effective ballisticity , defined as [6] , as a function of the intrinsic ballisticity at the drain-end. To this end, we have varied the oxide roughness coefficient from 0 to 1 and introduced a phonon scattering coefficient in the phonon scattering rates: All standard values are multiplied by the coefficient varying from 0 for a ballistic channel to 20 for a very resistive channel. The evolution of as a function of for a given and for different phonon scattering coefficients is plotted in dotted line in Fig. 10 These results show an overall view of the effect of each kind of interaction. For an intrinsic ballisticity greater than 20% the effect of each type of interaction (phonon or roughness scattering) yields a linear behavior but with a slope depending on the type of interaction. Below this limit, when the transport is more stationary, the relation is no more simply linear. Thus, there is neither an equality nor a unique linear relation between the effective ballisticity and the intrinsic ballisticity . The effective ballisticity (in terms of current) alone does not provide enough information to quantify accurately the intrinsic ballisticity . However, there is no denying that these two quantities are strongly correlated. Besides, we notice that the intrinsic ballisticity is always overestimated by the effective ballisticity ; for instance and for the standard DGMOS ( and ).
C. Back-Scattering Localization and its Effect on the Current
To investigate further the effects of scattering, a flux approach may be used [6] . We propose to identify the part of the channel giving the highest contribution to back-scattering effects which are known to degrade the drive current. So, a control volume is defined, as shown in Fig. 11 , by an entrance surface and an exit surface that can be moved along the channel. By calculating, the different fluxes , , , and , the relevant back-scattering coefficients may be extracted. Fluxes and , oriented as indicated in Fig. 11 , are the ingoing flux at the entrance surface and the outgoing flux at the exit surface, respectively. The flux represents the flux of electrons, which have entered the control volume by the entrance surface and which have crossed back the entrance surface without having crossed the exit surface. The flux represents the flux of electrons, which have entered the control volume by the entrance surface and which have crossed back the entrance surface after having crossed the exit surface.
The back-scattering coefficient of the control volume between the entrance surface located at the top of the barrier and an exit surface located at the distance from the source end is equal to . The evolution of obtained by moving the exit surface along the channel from the top of the barrier to the drain-end is plotted in Fig. 12 for 15-nm-and 25-nm-long devices. The maximum back-scattering coefficient for the whole structure including the drain contact can be calculated as . First, we remark that at the drain-end of the 25-nm-long channel the back-scattering coefficient is slightly lower than : . Moreover, the difference between and strongly increases when decreases to 15 nm:
. This difference, due to electrons back-scattered in the drain, may be more accurately estimated by taking into account other scattering mechanisms, as for instance, the short range electron-electron interactions.
A monotonous variation of along the channel is observed. The increase of is much more important in the first half part of the channel as the back-scattering events take place mainly there. However, this is less true when the effective channel length decreases: for nm, while for nm. In the first part of the channel, the increase of is rather uniform, just a bit faster in the vicinity of the top of the barrier. Thus, it is difficult to accurately define in the first channel half a region which has a predominant impact in terms of back-scattering.
It has been suggested in [6] that the back-scattering coefficient can be estimated at the position in the channel where the potential drops by kT/q. Our results show that this definition leads to a significant underestimation of . For instance, consider the position where the potential drops by at least 50 meV on the full channel thickness. We have then nm for nm and nm for nm. At this position , the back-scattering coefficient is only for nm. This underestimation is more pronounced for nm: . This trend confirms that reducing gives more importance to the second half of the channel in terms of contribution to backscattering. Indeed, the number of scattering in ultrashort channel is not important enough (cf. Fig. 8 ) to prevent electrons scattered in the second half of the channel from being backscattered to the source-end [8] .
To analyze the influence on drain current of scattering in the different parts of the channel, new simulations have been performed by changing the scattering properties along the channel. Three new 25-nm-long DGMOS called "bal-bal," "bal-sta," and "sta-bal'" have been simulated. In these devices, the channel is divided in two equal parts. The term "sta'" stands for the channel-half with standard scattering properties of Si doped to 2 at/cm : standard phonon scattering coefficient (see Section III-B) and roughness coefficient . The term "bal" stands for the ballistic channel-half (without any scattering). So, for instance, "sta-bal" is a DGMOS with a standard first channel-half and a ballistic second channel-half.
The inset of Fig. 13 shows on both linear and logarithmic scales the evolution of drain current as a function of gate voltage at . First, we notice that all devices have the same threshold voltage V. Moreover, the subthreshold behavior is not degraded by SCE, the subthreshold slope being equal to 70 mV/dec. The characteristics only differ in the transconductance above the threshold voltage and, as a consequence, in the on-current . The variations of drain current as a function of S/D voltage obtained in these DGMOS at V are shown in solid lines in Fig. 13 . In linear regime, the resistance extracted from Fig. 13 simply follows the Ohm's law:
is determined by the average channel conductivity and has the same value for "bal-sat" and "sta-bal." It is greater for the standard channel and lower for the ballistic channel. In the saturation regime, with nearly the same saturation drain voltage for all devices, the following values of output conductance are extracted at V: m for "bal-bal," m for "bal-sta," m for "sta-bal," m for "standard." We observe that the more ballistic the channel is, in particular in its first half, the greater the conductance is. Thus, we deduce that the lack of scattering degrades the saturation behavior. It should be mentioned that similar results have been obtained for bulk MOSFET of higher channel length, i.e., 50 and 180 nm (not shown). Low , i.e., high channel conductivity, is beneficial for the on-current , and a weak conductivity, in particular the first channel-half, is suitable to get a low output conductance . Besides, if each channel part had the same influence on drive current, "sta-bal" and "bal-sta" on-current would be equal to the average on-current between "standard" and "bal-bal," i.e., equal to 1980 m. As the on-current is equal to 2000 m for "bal-sta" and 1850 m for "sta-bal," we deduce that the ballistic channel part location, i.e., the scattering localization, has an influence on the on-current.
This result is not fully inconsistent with the conventional belief that the first channel-half has a greater importance than the second channel-half in terms of back-scattering coefficient. However, in contrast with this belief, our study reveals that the second part of the channel has a significant impact on device operation and performance. Indeed, is 15% greater for "sta-bal" than for "standard," and it is 14% greater for "bal-bal" than "bal-sta." It should be mentioned that the intrinsic ballisticity is higher for "sta-bal" (61%) than for "bal-sta" (53%), the resulting is higher for the latter device. Moreover the relative difference between "sta-bal" and "bal-sta" is low:
bal-sta sta-bal standard bal-bal . At last, the evolution of the back-scattering coefficient along the channel (Fig. 14) suggests that this impact of the second channel-half should be still stronger for smaller channel length.
IV. CONCLUSION
We have investigated in detail the velocity spectra of the electrons present in the channel as a function of their origin: "source-" and "drain-injected" and of the number of the experienced scatterings. We show that the transport in the 15-nm-long channel is neither purely ballistic nor purely thermionic.
Nevertheless, ballistic electrons are of great importance in nanometer-scaled DG MOSFET. In nano-DGMOS, the ballistic limit (intrinsic ballisticity i.e., 100% of electrons injected from the source are ballistic at the drain-end) is far to be reached for channel lengths larger than 10 nm: The intrinsic ballisticity is about 50% in a 15-nm-long channel. However, the drive current is closer to the value obtained with a pure ballistic channel: The ratio , i.e., the effective ballisticity , is more than 80%. Then the number of ballistic electrons, even in terms of flux as we defined the intrinsic ballisticity , is not the only relevant characteristic of ballistic transport. Even if the ballistic limit is still a mere pipe dream, considering the numerous types of significant interactions in nano-scaled structures [15] , the on-current in next transistor generations should be very close to this limit.
Even if our results are not fully inconsistent with the conventional belief that most back-scattering takes place in the first half of the channel, they show that the role of the second half of the channel cannot be considered as negligible for a channel length lower than 25 nm. Furthermore, the contribution of the second half to back-scatterings tends to be more and more important as the channel length is reduced. As a consequence, it becomes more and more difficult to extract a particularly significant region of the channel which would determine the value of the drive current .
